INTRODUCTION
============

Skeletal remains subject to burning events are often found in archaeological sites as a result of fire or ancient funerary practices and are usually the only preserved human vestiges. Following successful investigations on burned human bones by inelastic neutron scattering (INS) spectroscopy, aimed at relating burned to preburned parameters ([@R1]--[@R6]), the present study reports an innovative application of integrated vibrational spectroscopic techniques---Fourier transform infrared spectroscopy--attenuated total reflectance (FTIR-ATR), Raman, and INS---to extract information (i.e., cultural, biological, and environmental) from archaeological bones that were subject to heating. The correlation between the variations in the bone's chemical composition and crystallinity due to the burning process and the vibrational spectral profile will allow the interpretation of heat-induced changes in an accurate and quantitative way. Bone is a composite biomaterial mainly composed of packed collagen fibers and an inorganic matrix of crystalline hydroxyapatite (HAp) \[Ca~10~(PO~4~)~6~OH*~x~*\], with the hydroxyl and phosphate groups partly substituted by carbonate (A- and B-type carbonates) ([@R7]--[@R9]). Bone mineral characteristics such as crystallinity or carbonate/phosphate content vary as a function of age, sex, location in the skeleton, diet, or pathological state of the organism. With increasing temperature (\>200°C), the bone matrix suffers structural and dimensional variations, mostly related to microcrystallinity rearrangements usually leading to a higher crystallinity ([@R10], [@R11]). These are reflected in the vibrational response that can be detected by combined INS, FTIR, and micro-Raman techniques that have been recently applied by the authors to the investigation of burned human bones ([@R1]--[@R6]). INS, in particular, is an extremely well-suited technique for studying hydrogenous compounds. The neutron scattering cross section (σ) of an atom is characteristic of that atom and independent of the chemical environment. Because the value for hydrogen (80 barns) far exceeds that of all other atoms (typically ca. 5 barns), the modes with notable hydrogen displacement (*u*~i~) dominate the spectra ([@R12]). Then, for a mode (*i*) at a given energy (ν~i~), the spectral intensity \[*S*~i~•(*Q*^2^, ν~i~)\] from a powdered sample obeys the simplified relationship$$S_{i}^{\bullet}(Q^{2},\nu_{i}) = \frac{(Q^{2}u_{i}^{2})\sigma}{3}\text{exp}\left( - \frac{Q^{2}\alpha_{i}^{2}}{3} \right)$$where *Q* (Å^−1^) is the momentum (wave vector, *k* = 2π/λ) transferred from the neutron to the sample and α~i~ (Å) is related to a weighted sum of all the displacements of the atom. Hence, an INS experiment yields both the energies of the vibrational transitions (the eigenvalues, ν~i~) and the corresponding atomic displacements (the eigenvectors, *u*~i~), adding to the information provided by the complementary Raman and infrared optical vibrational methods. High-quality INS spectra are measured for burned bones, as the features assigned to the bone's organic matrix are quite weak or even absent in samples subject to high temperatures. Hence, a clear detection of the signals from HAp is found, namely, the ν(O─H) mode (ca. 3570 cm^−1^) and the OH libration (ca. 630 cm^−1^), which reveal the H-bond network within the inorganic lattice and are therefore highly sensitive to temperature changes ([@R1], [@R4]--[@R6]).

The use of INS spectroscopy to analyze the human bone is an innovative approach that is applied here to the study of burned archaeological skeletal remains. The specimens currently under study (both human and faunal) were found in Italy at different archaeological sites from distinct periods---Neolithic, Copper Age, Roman, and the Middle Ages ([Fig. 1](#F1){ref-type="fig"} and table S1)---as follows:

![Archaeological sites where the samples investigated here were found.\
(**A**) Scoglietto cave: Hand distal phalanx and metacarpal bone. (**B**) Leopoli-Cencelle: Skull and tibia fragments. (**C**) Guidonia-Montecelio (tomb 36): Fibula, ulna, femur, and humerus fragments. (**D**) Mora Cavorso cave: Sheep/goat jaw fragment. Photo credits: G. Festa, Museo Storico della Fisica e Centro Studi e Ricerche "Enrico Fermi" (bones); F. Martini, Università degli Studi di Firenze (Scoglietto); F.R. Stasolla, Sapienza Università di Roma (Leopoli-Cencelle); V. Cipollari, Soprintendenza Archeologia del Lazio e dell'Etruria Meridionale (Guidonia-Montecelio); and M.F. Rolfo, Università degli Studi di Roma "Tor Vergata" (Mora Cavorso).](aaw1292-F1){#F1}

1\) The first set of human samples, from the Copper Age, was gathered in 2010 at the Scoglietto cave, a 40-m-deep cave located in the Parco Naturale Regionale della Maremma near Grosseto (Tuscany, Italy) ([Fig. 1A](#F1){ref-type="fig"}) ([@R13]--[@R15]). On the basis of the available archaeological evidence, this cave is considered as one of the most significant Tuscan archaeological sites from between the Copper and Early Bronze Ages. A large structure for burning, in use and modified several times in antiquity, has survived in the back of the cave. This structure is referred to as Copper Age, and the radiocarbon dates place the structure for burning between 3360 and 2910 BCE ([@R13]--[@R15]).

2\) The second group of ancient human skeletal remains is from the Middle Ages (500 to 1400 CE) and was found at the Leopoli-Cencelle archaeological site (Latium; [Fig. 1B](#F1){ref-type="fig"}) ([@R16]--[@R18]). The bones currently analyzed were recovered during a 2014 excavation campaign in the church of St. Pietro (in the southeast area of the city) ([@R16]). Since 1532, Cencelle has been considered as a farm because of the presence of estates that specialized in supplying timber to the alum-based industries ([@R16]). The bones found at this site exhibited signs of combustion not related to funerary practices, which might have occurred at a later time.

3\) A third group of human bones were collected at Guidonia-Montecelio (Latium) in the Le Pediche place ([Fig. 1C](#F1){ref-type="fig"}). A necropolis dated from the Roman period (100 to 200 CE) was found at this site during excavations for construction of a road in 2014. One of the recovered individuals (from tomb 36) showed cremation features as bustum sepulcrum. The skeleton was found in anatomical connection, incorporated in a clay matrix, and placed supine with the arms along the pelvis. Inside the tomb, fragments of a lamp were also discovered, by the feet of the skeleton. It should be emphasized that such a lamp was found only in this bustum sepulcrum of the necropolis.

4\) The fourth set of samples comprises one faunal bone found during the recent excavations at the Mora Cavorso cave (Neolithic archaeological site dated to 6000 to 5000 BCE; [Fig. 1D](#F1){ref-type="fig"}), a multitunnel cavern with a complex stratigraphy located in southeastern Lazio ([@R19]). Its inner rooms revealed the presence of one of the most important funerary deposits from the Early Neolithic in central Italy. Around 30 individuals of all ages and both sexes ([@R20]), chaotically piled for natural and anthropic reasons, were found along with grave goods and ornaments. The macrofaunal assemblage consists of ca. 400 fragments, mostly attributed to domestic caprines and secondarily to cattle, dog, and red deer. This sample was investigated to verify the effectiveness of the applied spectroscopic methods to a faunal context.

Interpretation of the diagenetic alterations in the analyzed samples was based on vibrational spectroscopic results previously gathered for modern human bones burned under controlled temperatures (400° to 1000°C) ([@R1], [@R3]--[@R6]). A comparison between these data, taken as a reference, and that measured for the archaeological samples has led to an improved understanding of the changes elicited by the heating processes and of their effect on the bone's macroscopic characteristics (e.g., metric dimensions), yielding valuable information on ancient practices and customs.

RESULTS
=======

The combined use of the FTIR, Raman, and INS complementary techniques allowed access to the whole vibrational profile of the archaeological skeletal samples under study. FTIR-ATR and Raman yielded bands ascribed to phosphate \[ν~2~(PO~4~^3−^), ν~4~(PO~4~^3−^), ν~1~(PO~4~^3−^), and ν~3~(PO~4~^3−^) at 470, 565, 603, and 960 to 1020 cm^−1^, respectively\], carbonate \[ν~2~(CO~3~^2−^) and ν~3~(CO~3~^2−^) at 870 to 880 cm^−1^ and 1415 to 1450 cm^−1^, respectively\], and protein (amide II and amide I at 1540 to 1580 cm^−1^ and 1665 cm^−1^, respectively) ([@R4], [@R5]), as well as to chemical contaminants present in the remains. INS allowed an accurate detection of the features due to HAp's OH librational and stretching modes (at 630 and 3570 cm^−1^), as well as of the characteristic low-frequency vibrations of the crystal lattice (below 500 cm^−1^). The latter reflect variations in the short-range order and hydrogen-bonding profile within the bone's crystalline network and thus are being associated with the bone's dimensional changes. Special attention was paid to bands formerly identified as useful biomarkers of heat-prompted changes within the bone's crystalline framework ([@R1], [@R5], [@R6]): (i) HAp's OH libration, (ii) features due to ν~2~(PO~4~^3−^) and ν(HPO~4~^2−^), and (iii) Ca^2+^ and PO~4~^3−^ sublattice translational (ca. 320 to 190 cm^−1^) and PO~4~^3−^ librational (\<190 cm^−1^) modes. HAp's OH~lib~, in particular, was found to be a very useful diagnostic signal of the burning process, as it was found to undergo a clear shift to lower energy with increasing burning temperature. Regarding INS, the use of three incident energies in the MAPS measurements (5240, 2024, and 968 cm^−1^) enabled the simultaneous observation of all OH-related modes for the archaeological bones---libration and its overtones and stretching \[which had only been achieved before for modern bone samples ([@R1]), using the same experimental procedure\]. Moreover, combined measurements at MAPS and TOSCA spectrometers allowed access to the whole vibrational window of the samples from the low-frequency region to the high wave number range.

The spectroscopic data presently obtained for the ancient skeletal samples were interpreted in the light of the results formerly gathered for modern human bones burned ([@R5]) under controlled laboratory conditions (from 400° to 1000°C), currently taken as references: femur and humerus (osteometrically very informative). In accordance with these previous data, at temperatures below 400° to 500°C, the bones still retain part of their lipid and protein components \[revealed by the δ(CH~2~)~lipids~ and amide I~protein~ bands at 1450 and 1665 cm^−1^, respectively\], with these being completely destroyed above 500°C. For very high burning temperatures, in turn, the spectra reflected a progressive carbonate loss coupled with an increasing crystallinity of the inorganic matrix, resembling more and more the vibrational pattern of reference HAp. [Figure 2](#F2){ref-type="fig"} shows the FTIR-ATR and INS experimental data measured for human skeletal remains found at the Leopoli-Cencelle medieval archaeological site \[fragments from tibia (US1241) and skull (US10143)\], as well as a reference sample from modern bones. The infrared results evidenced that the medieval samples were subject to heating. Comparison with the infrared spectrum of an intact (modern) human bone showed no evidence of lipids \[absence of the δ(CH~2~) and ν(CH) signals at 1340 to 1460 cm^−1^ and 2900 to 3000 cm^−1^, respectively\] and hardly any traces of protein, which would be evidenced by the amide I, amide II, and ν(CH~2~)~collagen~ bands at 1570, 1665, and 2970 cm^−1^, respectively ([Fig. 2A](#F2){ref-type="fig"}). In addition, the presence of traces of fluorapatite \[calcium fluorophosphate, Ca~5~(PO~4~)~3~F, generally known as francolite\] was revealed in these samples through the characteristic ν~3~(PO~4~^3−^) feature appearing as a shoulder at 1090 cm^−1^ on the very strong signal of the ν~1~(PO~4~^3−^) band (at 960 cm^−1^).

![Vibrational spectra of medieval human bones (Leopoli-Cencelle, Italy).\
Comparison with modern human bone samples ([@R5]) burned at 400°, 500°, and 600°C. (**A**) FTIR-ATR and (**B**) INS.](aaw1292-F2){#F2}

Regarding the INS results, a remarkable similarity was observed between the profiles of the modern and ancient samples ([Fig. 2B](#F2){ref-type="fig"}). The presence of small amounts of lipids and proteins was shown, evidencing a higher sensitivity of the technique relative to FTIR for this kind of H-containing constituents. Furthermore, a reliable estimate of the temperature to which the archaeological samples were subject to was achieved: The vibrational profile of the skull fragment (US1043) was found to be comparable to the reference bone burned at 600°C, while that of the tibia (US10114) was identical to the 400°C reference. Notably, these two archaeological samples could only be discriminated through neutron techniques because the small chemical differences between them were not revealed by infrared spectroscopy. While the FTIR-ATR fingerprint ([@R21], [@R22]) of the medieval bones provided only an average temperature range to which the bones were exposed, INS yielded a precise burning temperature for each analyzed sample, being able to differentiate between 400°C (for the tibia) and 600°C (for the skull). Accordingly, these archaeological bones were probably subject to a char process (at 400° or 600°C), with a concomitant crystallinity increase and almost total loss of the organic constituents---the lipids having been completely destroyed above 400°C, while some collagen is still present within the bone matrix. In addition, the detection of francolite revealed the occurrence of fluoride in the bone matrix, probably due to environmental contamination from either the neighboring soil or water.

The FTIR and INS spectra of human hand distal phalanx (PFF12) and metacarpal bone (PFF27) from the Copper Age, found at the Scoglietto cave, are shown in [Fig. 3](#F3){ref-type="fig"}. The FTIR-ATR results show that these samples were subject to heating at temperatures not higher than 450° to 500°C. They display the typical infrared features of the bone still containing traces of protein (collagen I), mainly evidenced by the amide I band ([Fig. 3A](#F3){ref-type="fig"}). The INS data go further in identifying some lipid components through the corresponding δ(CH~2~) and ν(CH) signals at ca. 1450 and 3000 cm^−1^, respectively ([Fig. 3B](#F3){ref-type="fig"}). Upon comparison with the data obtained for reference samples heated at defined temperatures, both spectroscopic signatures correspond to a burning temperature around 500°C, virtually homogeneous for the three ancient skeletal remains. This temperature is compatible with an incomplete cremation in home fires. Cremations are found in all periods from the Neolithic to the Medieval Era and play an important role in ancient funerary practices ([@R23]).

![Vibrational spectra of human bones from the Copper Age (Scoglietto cave, Italy).\
Comparison with modern human bone samples ([@R5]) burned at 500°C. (**A**) FTIR-ATR and (**B**) INS. The inset in (A) depicts the temperature dependence of the spectral profile in the interval of 500 to 650 cm^−1^.](aaw1292-F3){#F3}

Raman microspectroscopy measurements performed on these ancient samples provided clear evidence of the presence of gypsum (calcium sulfate dihydrate, CaSO~4~·2H~2~O) through the distinguishing band from the sulfate symmetric stretching \[ν~1~(SO~4~)\] at 1008 cm^−1^ and the ν~2~(SO~4~), ν~4~(SO~4~), and ν~3~(SO~4~) signals at 415/493, 670, and 1136 cm^−1^, respectively (fig. S2) ([@R24], [@R25]). This constituent is indicative of contamination from the soil surrounding the skeletal remains, as this archaeological area is characterized by a cavernous limestone geology with a high gypsum content ([@R26], [@R27]).

[Figure 4](#F4){ref-type="fig"} displays the INS spectra of the human bones (one skeleton only) discovered in tomb 36 at the Guidonia-Montecelio Roman archaeological site. Different types of bones from this same skeleton displayed very different INS profiles, consistent with diverse heating conditions from below 400° up to 500° or 800° to 900°C. This can be justified by ancient funerary practices that involved burning the bare corpses inside the grave. Moreover, relating the heating conditions with the type of bone---increasing temperatures for ulna, femur, humerus, and fibula---suggests that the body might have been folded in a fetal position. In addition, for some of these samples, a band at ca. 900 cm^−1^, ascribed to ν(HCO~3~^−^), was detected (mainly for fibula), evidencing contamination from the soil that has a limestone composition in the Guidonia-Montecelio region (because the samples were found unwrapped inside the earth tomb). The major factors prone to influence the degree of combustion of the skeletal remains, and therefore the effect on bone composition and crystallinity, are the temperature, heating time, and environmental conditions (e.g., presence or absence of oxygen). The spectroscopic data depicted in [Fig. 4](#F4){ref-type="fig"} reveal that the lower area of the skeleton reached higher temperatures than the upper part. Coupled to the discovery of lamp fragments by the feet of the body, this can reveal the origin of the burning process. Moreover, it may evidence that the burning occurred in situ and that the lamp had an active role in this ritual funerary practice.

![INS spectra of different human bones from the Roman period \[humerus, ulna, femur, and fibula from the same skeleton, Guidonia-Montecelio, Italy (tomb 36)\].\
Comparison with modern human bone samples ([@R5]) burned at 400°, 500°, and 800°C.](aaw1292-F4){#F4}

To assess the usefulness of the presently developed methodology and extend its capabilities beyond human skeletal remains, we also investigated the Neolithic faunal bones from the Mora Cavorso archaeological site. [Figure 5](#F5){ref-type="fig"} shows the FTIR-ATR spectra of a sheep/goat jaw fragment subject to heat, as compared to two modern human bones---unburned and burned at 500°C. By analysis of the most informative vibrational bands (from phosphate, carbonate, and the bone's organic components), the archaeological remain appears to have been exposed to temperatures below 500°C, which is compatible with the temperatures reached in hearths used in ancient Neolithic settlements for cooking. However, care should be taken when interpreting these data because it was found that human and faunal bones display different reactions to heat, especially at higher temperatures ([@R3]).

![FTIR-ATR spectra of Neolithic faunal bones (Mora Cavorso cave, Italy).\
Comparison with modern human bone samples ([@R5]), unburned and burned at 500°C.](aaw1292-F5){#F5}

DISCUSSION
==========

An innovative approach to the study of burned archaeological bones is currently reported. Ancient skeletal remains (human and faunal) subject to burning events, found at several archaeological sites from the Neolithic, Copper Age, Roman, and Middle Ages, were investigated through complementary vibrational spectroscopic techniques. This integrated approach is here shown to allow an accurate and complete vibrational data to be obtained, which was previously inaccessible because of the almost exclusive application of infrared techniques, with Raman analysis being severely undermined by the very high fluorescence of the bone \[when not subject to high temperatures (\>700°C)\] even when using red excitation wavelengths ([@R28]). In addition, INS enables the observation of vibrational modes not detectable by optical techniques. The results obtained for the burned archaeological skeletal remains show a clear correspondence with the spectral trends formerly measured for modern human bones subject to different temperatures ([@R1], [@R4], [@R5]), providing relevant information on the original burning temperature, heating conditions, and environmental factors that affected the samples under study. The human bones coming from the Scoglietto cave displayed spectral signatures corresponding to burning temperatures lower than 500°C, well matched with incomplete cremation processes carried out in the home fires that were very common in the Copper Age. The medieval Leopoli-Cencelle samples, in turn, appeared to be burned in a nonuniform way for temperatures spanning from 400° to 600°C. As for the remains from the Guidonia-Montecelio Roman site, the data presently reported provided preliminary conclusions on the temperature to which they were exposed, as well as on the characteristics of the surrounding environment. Noticeably, they allowed us to identify a particular funerary practice that burned the bodies inside their graves, unwrapped, in direct contact with the soil. The results recorded for the sheep/goat jaw from Mora Cavorso, the only animal bone sample currently probed, were consistent with heating temperatures below 500°C, compatible with the Neolithic hearths probably used for cooking purposes.

This study constitutes the first application of neutron spectroscopy to archaeological skeletal remains and will allow archaeologists/anthropologists to gather relevant information on ancient civilizations regarding the locations and the funerary, burial, or cooking practices. Future research will enlarge the number of samples and archaeological sites to gather data on a wider range of contexts---geographical, historical, and anthropological. Further spectroscopic biomarkers will then be identified, enabling a precise statistical analysis of the results linking particular spectral signatures to specific burning scenarios and environmental settings.

MATERIALS AND METHODS
=====================

Archaeological skeletal remains (both human and faunal; [Fig. 1](#F1){ref-type="fig"}) were analyzed (see details in table S1). All the archaeological samples under study were measured as intact bone fragments after gentle mechanical removal of the outer layer to avoid contaminants. According to previous spectroscopic studies ([@R1], [@R21], [@R22]), no further cleaning was needed.

INS spectroscopy
----------------

INS measurements were performed at the ISIS Neutron and Muon Source of the Rutherford Appleton Laboratory (UK) using the high-resolution MAPS and TOSCA spectrometers ([@R29], [@R30]). The instruments are complementary, as explained elsewhere ([@R30]). For the present case, the key differences are that TOSCA provides high-resolution spectra for the range of 0 to 2000 cm^−1^, while MAPS enables access to the C─H and O─H stretch regions. The bone samples were fixed onto (4 cm by 5 cm) flat Al cans with Al tape and wrapped in aluminum foil (fig. S1)---2 to 5 g for the intact archaeological bones and ca. 5 g for each reference sample, which was previously found to be an optimal amount ([@R1]--[@R6]). To reduce the impact of the Debye-Waller factor on the observed spectral intensity, the samples were cooled to cryogenic temperatures (ca. 5 to 10 K). Data on MAPS were recorded in the energy range of 0 to 5000 cm^−1^ using three incident energies (5240, 2024, and 968 cm^−1^). For both instruments, the neutron data were reduced to energy transfer spectra using the MANTID software (version 3.4.0) ([@R31]). In addition, a spectrum of reference HAp was measured {highly crystalline, stoichiometric calcium hydroxyapatite, \[Ca~10~(PO~4~)~6~(OH)~2~,Ca/P = 1.67\], SRM 2910b, from NIST, Gaithersburg, MA, USA} ([@R32]).

FTIR spectroscopy
-----------------

The FTIR-ATR spectra were measured at the Molecular Physical-Chemistry R&D Centre of the University of Coimbra \[QFM-UC, Portugal ([@R33])\] using a Bruker Optics Vertex 70 spectrometer purged by CO~2~-free dry air. The mid-infrared absorbance spectra (between 400 and 4000 cm^−1^) were recorded using a Ge on KBr substrate beam splitter and a liquid nitrogen--cooled wide band MCT (mercury cadmium telluride) detector. The far-infrared data (50 to 600 cm^−1^) were obtained in a Bruker Platinum ATR single reflection diamond accessory using a silicon solid-state beam splitter and a DLaTGS (deuterated [l]{.smallcaps}-alanine--doped triglycine sulfate) detector with a polyethylene window. The spectra were corrected for the wavelength dependence of the penetration depth of the electric field in ATR using the standard Bruker OPUS software option. In both cases, spectra were the sum of 64 scans at a resolution of 2 cm^−1^, and the three-term Blackman-Harris apodization function was applied. Under these conditions, the wave number accuracy was better than 1 cm^−1^.

Raman spectroscopy
------------------

Raman microspectroscopy measurements were carried out at QFM-UC (Portugal) ([@R33]). The spectra were recorded in the range of 600 to 1800 cm^−1^ using a HORIBA Jobin-Yvon T64000 spectrometer in direct configuration mode (focal distance, 0.640 m; aperture, f/7.5), equipped with a holographic grating of 1800 grooves mm^−1^. The entrance slit was set to 200 μm. Rayleigh elastic scattering was rejected by a notch filter, which reduces its intensity by a factor of 10^6^. The detection system was a liquid nitrogen--cooled non-intensified charge-coupled device camera \[1024 × 256 pixels (1″)\]. The 514.5-nm line of an Ar^+^ laser (model Innova 300-05, Coherent) was used as the excitation radiation, yielding ca. 10 mW at the sample position. All spectra were recorded using an Olympus 50× objective (MSPlan 50, infinity corrected; numerical aperture, 0.80; working distance, 0.47 mm). A 100-μm pinhole rejected signals from out-of-focus regions of the sample.

Supplementary Material
======================

###### http://advances.sciencemag.org/cgi/content/full/5/6/eaaw1292/DC1

###### Download PDF

We thank the STFC Rutherford Appleton Laboratory for access to neutron beam facilities \[RB's 1620027 (doi:[10.5286/ISIS.E.83550749](http://dx.doi.org/10.5286/ISIS.E.83550749)) and 1810010 (doi:[10.5286/ISIS.E.92918618](http://dx.doi.org/10.5286/ISIS.E.92918618))\]. **Funding:** This work was funded by the Portuguese Foundation for Science and Technology (UID/MULTI/00070/2019) and the CNR (Italy) within the CNR-STFC Agreement 2014--2020 (N. 3420) concerning collaboration in scientific research at the ISIS Spallation Neutron Source. **Author contributions:** G.F.: measurement of the INS data, writing of the manuscript, and preparation of figures and tables; C.A.: planning of experimental measurements and contribution to manuscript preparation; M.B.: contribution to manuscript preparation; V.C.: responsible for the artifacts from the Guidonia-Montecelio site and contribution to manuscript preparation; C.M.-L.: contribution to manuscript preparation; F.M.: responsible for the Scoglietto cave samples and contribution to manuscript preparation; O.R.: contribution to manuscript preparation; M.F.R.: responsible for the Mora-Cavorso cave samples and contribution to manuscript preparation; L.S.: responsible for the Scoglietto cave samples and contribution to manuscript preparation; N.V.: responsible for the Scoglietto cave samples and contribution to manuscript preparation; R.S.: contribution to manuscript preparation; F.R.S.: responsible for the Leopoli-Cencelle samples and contribution to manuscript preparation; S.F.P.: measurement and interpretation of the INS data; A.R.V.: measurement of FTIR and INS and preparation of figures; A.P.M.: measurement of FTIR and Raman data and preparation of figures; L.A.E.B.d.C.: measurement of the INS data and interpretation of the vibrational results (INS, FTIR, and Raman); and M.P.M.M.: measurement of the INS data, interpretation of the vibrational results (INS, FTIR, and Raman), and writing of the manuscript. **Competing interests:** The authors declare that they have no competing interests. **Data and materials availability:** All data needed to evaluate the conclusions in the paper are present in the paper and/or the Supplementary Materials. Additional data related to this paper may be requested from the authors.

Supplementary material for this article is available at <http://advances.sciencemag.org/cgi/content/full/5/6/eaaw1292/DC1>

Supplementary Methods

Table S1. Archaeological human and faunal skeletal remains analyzed in the present study.

Fig. S1. An archaeological human skeletal remain placed onto an Al can and wrapped in Al foil, ready for INS measurement.

Fig. S2. Raman spectrum of a prehistoric human bone sample (Scoglietto cave, Italy), evidencing the presence of gypsum.
